Strain Marseille-P2915
Introduction
The genus Streptococcus comprises 116 officially recognized species (http://www.bacterio.net/) partially clustered into six species group (pyogenic, anginosus, mitis, salivarius, bovis and mutans) on the basis of systematic 16S rRNA sequence study [1] . The exact taxonomic classification of each species within this genus remains challenging, especially in the mitis group, as a result of a high genetic and phenotypic similarity shared within different species [2] , in particular with different species sharing a 16S rRNA sequence identity greater than 98.7% [3] . Because species belonging to this group gather together highly virulent species involved in pathologies as meningitis, endocarditis, pneumonia and low-pathogenic commensal species, the rapid identification of clinical isolates is mandatory. To reach this goal, several different molecular targets have been tested, including sodA [4] , rnpB [5] , tuf [6] and groEL [7] . The use of rpoB was initially proposed in our laboratory [8] . Since then, it has been validated by its use in the classification of different new streptococcal species [9] [10] [11] .
Nowadays, the widespread use of matrix-assisted desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) in the clinical and research setting, coupled with the rapid development of next-generation sequencing technology, gives us a new and more complete insight into the taxonomy of the Streptococcus genus. In this context, a polyphasic approach to describe new bacterial species, termed taxonogenomics, was proposed in our laboratory in 2004, combining common phenotypic tests such as API strips, whole genomic sequencing and MALDI-TOF MS spectra [12] .
Here we present a phenotypic and genetic comparison of 16S rRNA genes, rpoB genes as well as whole-genomic-level analysis which led us to propose the validation of Streptococcus timonensis strain Marseille-P2915 T (= DSM 103349 = CSUR P2915) as a new member within the genus Streptococcus.
Materials and Methods

Sample collection
In the context of a study aimed at the description of different gut microflora levels by culturomics [13] , a gastric lavage sample from a 60-year-old patient was collected during a gastroscopy performed for medical reasons (severe anaemia). The patient had been receiving long-term proton pump inhibitor therapy. Informed and signed consent, approved by the Institut Fédératif de Recherche IFR48 (Faculty of Medicine, Marseille, France), under agreement 09-022, was obtained from the patient. After collection, the sample was immediately placed in an antioxidant transport medium [14] and plated within 2 hours.
Isolation and identification of strain Strain Marseille-P2915
T 's first growth was obtained in April 2016 on 5% sheep's blood-enriched Columbia agar medium (bioMérieux, Marcy l'Etoile, France) under aerobic conditions at 37°C. Once isolated on pure culture, proteomic analysis was carried out with MALDI-TOF MS as previously described [15, 16] using a Microflex spectrometer (Bruker Daltonics, Bremen, Germany). Strain Marseille-P2915 T spectra was thus obtained, imported into the MALDI BioTyper software (version 3.0, Bruker) and processed by standard pattern matching (with default parameter settings) against the main spectra of 7567 bacteria. The comparison with the BioTyper database spectra enabled the rapid matching of the analysed species with those present in the database. The resulting score, if >2, enabled the identification at the species level, while a score of <1.7 did not enable any identification. To obtain the 16S rRNA sequence of strain Marseille-P2915 T , PCR analysis was performed using a GeneAmp PCR System 2720 thermal cycler (Applied Biosystems, Bedford, MA, USA) as previously described [17] . The sequencing step was performed on an ABI Prism 3130xl Genetic Analyser capillary sequencer (Applied Biosystems). Chromas Pro 1.34 software (Technelysium, Tewantin, Australia) was used to fix the sequences, and a BLASTn (Basic Local Alignment Search Tool) search [18] was performed against the National Center for Biotechnology Information (NCBI) database (default parameters, uncultured/environmental sample sequences excluded).
The rpoB gene sequence of strain Marseille-P2915 T was obtained using the 1730_F and 3700_R primers as previously described [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Then a BLAST search was performed against the NCBI database using default parameters.
Phylogenetic analysis
On the basis of the BLAST research results, 16S rRNA reference sequences (http://www.bacterio.net/streptococcus.html) of the closest species with standing in nomenclature were downloaded from NCBI. Because there is no officially recognized reference for rpoB, gene sequences were downloaded directly from the NCBI database after the BLASTn search. Sequences were then aligned using Muscle v3.8.31 with default parameters, and phylogenetic inferences were obtained using the maximum-likelihood method with 1000 bootstrap replicates within MEGA6 software.
Phenotypic and biochemical characterization Growth conditions. Growth of the strain was tested on sheep's blood-enriched Columbia agar (bioMérieux) under anaerobic conditions using anaeroGEN (Oxoid, Basingstoke, UK), microaerophilic (CampyGen, Oxoid) and aerobic conditions. Different growth temperatures (20, 28, 37, 45 and 55°C) were also tested. The acceptance limit of salinity by strain Marseille-P2915 T was tested on Columbia agar using 10, 15 and 20% of NaCl concentrations. Moreover, seven pHs were tested: 5.0; 5.5; 6.0; 6.5; 7.0; 7.5 and 8.
Microscopy. The Gram coloration was performed using color Gram 2 kit (bioMérieux) and observed using the DM1000 photonic microscope (Leica Microsystems, Wetzlar, Germany) with a 100× oil-immersion objective lens. The ability to produce spores was studied by thermal shock (80°C during 20 minutes). The motility test was performed by observing fresh colonies between blades and slats using a DM1000 photonic microscope (Leica Microsystems) with a 100× oil-immersion objective lens. Transmission electron microscopic images were obtained using a Tecnai G20 (FEI Company, Limeil-Brevannes, France) at an operating voltage of 200 keV. Briefly, cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer for at least 1 hour at 4°C . A drop of cell suspension was deposited for approximately 5 minutes on glow-discharged formvar carbon film on 400 mesh nickel grids (FCF400-Ni, EMS, Hatfield, PA, USA). The grids were dried on blotting paper, and cells were negatively stained for 10 seconds with 1% ammonium molybdate solution in filtered water at room temperature.
Biochemical assays. A basic biochemical study was performed using the API Gallery systems: API ZYM, API strep and API 50CH (L medium) according to the manufacturer's instructions (bioMérieux). Oxidase (Becton Dickinson, Franklin Lakes, NJ, USA) and catalase assays (bioMérieux) were done separately. Fatty acids analysis. Cellular fatty acid methyl ester (FAME) analysis was performed by gas chromatography mass spectrometry (GC/MS). Two samples were prepared with approximately 40 mg of bacterial biomass per tube collected from several 5% sheep's blood-enriched Columbia agar plates. FAMEs were prepared as described by Sasser [20] . GC/MS analyses were carried out as previously described [21] . FAMEs were separated using an Elite 5-MS column and monitored by mass spectrometry (Clarus 500-SQ 8 S, PerkinElmer, Waltham, MA, USA). A spectral database search was performed using MS Search 2.0 operated with the Standard Reference Database 1A (National Institute of Standards and Technology, Gaithersburg, MD, USA) and the FAME mass spectral database (Wiley, Chichester, UK).
Genomic DNA extraction and genome sequencing and assembly After a pretreatment by a lysozyme incubation at 37°C, DNA was extracted on the EZ1 biorobot (Qiagen, Germantown, MD, USA) with a EZ1 DNA tissues kit. The elution volume was 50 μL. Genomic DNA (gDNA) was quantified by a Qubit assay with the high-sensitivity kit (Life Technologies, Carlsbad, CA, USA) to 46 ng/μL. gDNA of strain Marseille-P2915 T was sequenced with the MiSeq Technology apparatus (Illumina, San Diego, CA, USA) with the mate pair strategy. The gDNA was barcoded in order to be mixed with 11 other projects with the Nextera Mate Pair sample prep kit (Illumina). The mate pair library was prepared with 1.5 μg of gDNA using the Nextera mate pair Illumina guide. The gDNA sample was simultaneously fragmented and tagged with a mate pair junction adapter. The pattern of the fragmentation was validated on an Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA) with a DNA 7500 labchip. The DNA fragments ranged in size from 1.5 to 11 kb with an optimal size of 6.920 kb. No size selection was performed, and 678.5 ng of tagmented fragments were circularized. The circularized DNA was mechanically sheared to small fragments with optima on a bimodal curve at 675 and 1445 bp on the Covaris S2 device in T6 tubes (Covaris, Woburn, MA, USA). The library profile was visualized on a High Sensitivity Bioanalyzer LabChip (Agilent Technologies), and the final concentration library was measured at 42.2 nmol/L.
The libraries were normalized at 2 nM and pooled. After a denaturation step and dilution at 15 pM, the pool of libraries was loaded onto the reagent cartridge and then onto the instrument along with the flow cell. Automated cluster generation and sequencing run were performed in a single 39-hour run at a 2 × 151 bp read length. Total information of 7.9 Gb was obtained from a 863K/mm 2 cluster density with a cluster passing quality control filters of 94% (15 627 000 passing filter paired reads). Within this run, the index representation for Streptococcus timonensis strain Marseille-P 2915 T was determined to be 11.94%. The 1 865 795 paired reads were trimmed, then assembled in four scaffolds.
Genome annotation and comparison
Open reading frames (ORFs) were predicted using Prodigal (http://prodigal.ornl.gov/) with default parameters. However, the predicted ORFs were excluded if they spanned a sequencing gap region. The predicted bacterial protein sequences were searched against the GenBank [22] and Clusters of Orthologous Groups (COGs) databases using BLASTP. The tRNAs and rRNAs were predicted using the tRNAScan-SE [23] and RNAmmer [24] tools, respectively. Signal peptides and number of transmembrane helices were predicted using SignalP [25] and TMHMM [26] , respectively. Mobile genetic elements were predicted using PHAST [27] and RAST [28] . ORFans were identified if their BLASTP E-value was lower than 1e-03 for an alignment length greater than 80 amino acids. If alignment lengths were smaller than 80 amino acids, an E value of 1e-05 was used. Such parameter thresholds have already been used in previous works to define ORFans. Artemis [29] and DNA Plotter [30] were used for data management and visualization of genomic features, respectively. The Mauve alignment tool (version 2.3.1) was used for multiple genomic sequence alignment [31] . The mean level of nucleotide sequence similarity at the genome level between strain Marseille-P2915
T and other bacteria (Streptococcus oralis strain ATCC 35037 (ADMV00000000. 1); Streptococcus infantis ATCC 700779 (AEVD00000000.1); Streptococcus pseudopneumoniae ATCC BAA960 (AICS0000 0000.1); Streptococcus sanguinis SK1 (CP000387.1); Streptococcus mitis ATCC 49456 (AEDX00000000.1); Streptococcus parasanguinis ATCC 15912 (CP002843.1); Streptococcus tigurinus strain AZ_3a (AORU00000000.1); Streptococcus pneumoniae strain R6 (AE007317.1); Streptococcus dentisani strain 7747 (CAUK00000000.1)) was estimated by average genomic identity of orthologous gene sequences (AGIOS) software [12] . Overall, this software combines two other software packages: Proteinortho [32] (to detect orthologous proteins between genomes compared two by two, then to retrieve the corresponding genes) and the Needleman-Wunsch global alignment algorithm (to determines the mean percentage of nucleotide sequence identity among orthologous ORFs). To evaluate genomic similarity within the strains, we also performed digital DNA-DNA hybridization (http://ggdc.dsmz.de/), which exhibits high correlation with DNA-DNA hybridization [33] . value. Left y-axis displays running spectrum number originating from subsequent spectra loading. Peak intensity is expressed by greyscale scheme code.
Colour bar and right y-axis indicate relationship between colour in which peak is displayed and peak intensity in arbitrary units. Displayed species are indicated at left.
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Results
Phylogenetic analysis
After three failed identification attempts with MALDI-TOF MS, the reference spectrum of strain Marseille-P2915 T (Fig. 1 ) was entered in our database and its 16S rRNA sequenced. The 16S rRNA comparison showed a sequence identity of 99.0% with Streptococcus dentisani strain 7747 T and 98.8% with Streptococcus tigurinus strain AZ-3a T (Fig. 2) . Because the 16S rRNA phylogenetic analysis did not distinguish within different species belonging to the Streptococcus mitis group, the rpoB gene was sequenced, resulting in a 92.6% sequence identity with the closest Streptococcus with an available rpoB sequence, Streptococcus infantis strain ATCC 700779 T (Fig. 3) . A gel view comparing the spectrum of strain Marseille-P2915 T with other
Streptococcaceae species is shown in Fig. 1 Phenotypic and biochemical characterization On sheep's blood-enriched Columbia agar, after 48 hours of aerobic incubation, cells formed 0.5 to 1 mm punctiform, greyish, α-hemolytic colonies with undulated edges.
Growth was achieved at all tested pHs (5.0; 5.5; 6.0; 6.5 and 7.0; and 7.5 and 8), whereas no growth was registered in any salt-containing medium (>5 g/L of NaCl). Growth was obtained from 20 to 37°C under aerobic, anaerobic, and microaerophilic conditions, whereas no growth was obtained at 45 or 55°C. Cells were Gram-positive cocci (Fig. 4(a) ) with a mean diameter of 0.6 μm (range, 0.4-0.8 μm) (Fig. 4(b) ). Catalase and oxidase tested negative. The sporulation and motility tests were negative. Table 1 summarizes the classification and main features of strain Marseille-P2915
T .
Using other related species within the family Streptococcaceae are summarized in Table 2 . The major fatty acid is hexadecanoic acid 
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Genome properties
The draft genome of the strain Marseille-P2915 T is 1 925 331 bp long (Fig. 5) with a 38.56% G+C content. It is composed of four scaffolds (comprising four contigs). Among the 2056 predicted genes, 1974 were protein-coding genes and 82 were RNAs (six genes are 5S rRNA, six genes are 16S rRNA, six genes are 23S rRNA and 64 genes are tRNA genes). A total of 1436 genes (72.75%) were assigned a putative function (by COGs or by NR BLAST). Twenty-two genes were identified as ORFans (1.11%). The remaining genes were annotated as hypothetical proteins (426 genes 21.58%). Genomic statistics are reported in Table 4, while Table 5 lists the distribution of genes into COGs functional categories (Fig. 5) . The genome sequence has been deposited in EMBL-EBI under accession number FMIX01000000. 
Comparison with other genomes
Strains: 1, Streptococcus timonensis strain Marseille-P2915 T ; 2, S. dentisani strain 7747 T ; 3, S. mitis ATCC 49465 T ; 4, S. oralis ATCC35037 T ; 5, S. sanguinis ATCC 10556 T ; 6, S. infantis JCM 10157 T ; 7, S. salivarius ATCC 7073 T ; 8, S. tigurinus Az_3a T ; data for strains 2 to 7 are from [34] , while data for strain 8 are derived from [35] . +, positive reaction; −, negative reaction; (+), weakly positive reaction; NA, not available; v, variable. Total is based on the total number of protein-coding genes in the annotated genome.
S. sanguinis and S. infantis (Table 6 ). Genome-to-Genome Distance Calculator (GGDC) values [36] ranged from 59.1 ± 2.8 between S. pneumoniae and S. pseudopneumoniae to 23.1 ± 2.3 between S. sanguinis and S. parasanguinis (Table 7) . Compared to the closest phylogenetic neighbour according to rpoB tree (Streptococcus infantis ATCC 700779T, Fig. 3 ), the probability that both are same species is lower than 5% (1.35%, GGDC 2.1 formula 2, http://ggdc.dsmz.de/). Distribution of functional classes of predicted genes according to the COGs categories was realized for the closest species of strain Marseille-P2915 T (Fig. 6 ) and showed a similar profile.
Discussion
A strong argumentation to support the recognition of strain Marseille-P2915 T as a new species within the Streptococcus genus is brought by the low value of GGDC (formula 2) obtained with other close species (highest value 37.4% with Streptococcus infantis, probability that both are the same species <5%), particularly when compared to the high value obtained within different streptococcal species with standing in nomenclature (59.1% between Streptococcus pneumoniae and Streptococcus pseudopneumoniae and 48.5% between Streptococcus mitis and Streptococcus pseudopneumoniae) ( Table 7) . Other evidence comes from the phenotypic analysis obtained by the API strips, which showed a unique enzymatic profile (Table 2) compared to the eight most closely related species. In the family Streptococcaceae and in particular within the 'Streptococcus mitis' group, it is a common feature to share a high 16S rRNA similarity [3] with other streptococcal species ( 
Conclusion
On the basis of the phenotypic, phylogenetic and genomic analyses, we propose the validation of Streptococcus timonensis sp. nov. within the family Streptococcaceae. Strain Marseille-P2915 T is the type strain, and it was isolated from human stomach. 
